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Abstract

Backround:
In this study, we report for the rst time that the addition of an intrinsic layer to the a-Si: H p-i-n solar cell
structure greatly enhances the conversion e ciency. The a-Si: H p-i-n solar cells were grown using

Plasma Enhanced Chemical Vapor Deposition (PECVD) techniques on the Indium Tin Oxide (ITO)
substrate and added an intrinsic layer with the p-i1-i2-n structure in order to prevent sunlight energy from
being absorbed the rst intrinsic layer can be absorbed by the second intrinsic layer.

Result
The a-Si: H p-i-n and p-i1-i2-n solar cells were characterized including optical properties, electrical
properties, surface morphology, thickness, band-gap using Ellipsometric Spectroscopy (ES). Furthermore,
from the optical constant and thin lm thickness, the re ectance and transmittance of each sample were
obtained. The p-i-n and p-i1-i2-n samples show good transparency in the infrared region and this
transparency decreases in the visible light region shows an interference pattern with a sharp decrease in
transmission at the absorption edge and the performance of solar cells (curve I-V) measured by use sun
simulator and sunshine.

Conclussion:
Our results show that there is a very good increase in the e ciency of the a-Si: H p-i1-i2-n solar cells by
58.6% of the original p-i-n structure.

1. Background
One of the main problems found in hydrogenated amorphous silicon (a-Si: H) based solar cells is the
instability of their e ciency after being exposed to high intensity for a long period of time. This
phenomenon is known as the Staebler-Wronski Effect (SWE)(Panchal et al., 2011). The high hydrogen
content is then known as one of the causes of SWE, where the silicon-hydrogen bond is easily released by
the in uence of high-intensity irradiation, leaving defects in the solar cell material(Nguyen et al., 2016).
Therefore, several researchers then developed the Plasma Enhanced Chemical Vapor Deposition (PECVD)
technique to overcome this problem. Material a-Si: H grown with PECVD by utilizing plasma as a growing
medium(Bougoffa et al., 2017). This technique uses Silan gas (SiH4) as the source gas, which is 10% in
Hydrogen (H2) gas and an amorphous silicon material with a hydrogen content of 10–20% is
obtained(King et al., 2011).
Increasing the e ciency of hydrogenated amorphous silicon (a-Si: H) based solar cells, especially to
optimize the quality of the thin lm on the p-i-n part of the solar cell, this part is the main part to convert
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solar energy into electrical energy(Fantoni et al., 2018). If the quality in the manufacture of this thin layer
of p-i-n solar cells is good, the e ciency of solar cells can increase between 5–21%(Schulze et al., 2012).
Meanwhile, the concentration of boron or phosphorus dopants can affect the type of thin layer formed, so
that the electron and hole concentrations can be controlled(Muhammad et al., 2015). Usually the energy
gap width in p-i-n solar cells also greatly affects the magnitude of the conversion e ciency of solar cells,
it is also required to have a high absorption rate so that the photovoltaic effect obtained can be
optimum(Rolland et al., 2017).
In this study, we reported the characteristics of hydrogenated amorphous silicon (a-Si: H) based solar
cells with the addition of an active layer (i-layer) using ellipsometric spectroscopy (ES). As we know, the ilayer of the a-Si: H-based p-i-n solar cell device plays the most important role in the utilization of photon
energy to excite its charge carrier from the valence band to the conduction band(Levallois et al., 2006).
On the one hand, more photons will be absorbed if the active layer is thicker so that the charge carrier
generation rate increases. On the other hand, the thicker i-layer also contributes to an increase in the
localized state as well as an increase in the series resistance, thereby reducing the conversion e ciency
of the solar cell(Aliani et al., 2018). Therefore, the addition of the active layer (i-layer) with the optimum
thickness will provide the best characteristics directly by maintaining the quality of the material, which is
indirectly related to the technique used when growing the material.

2. Methods
In the research conducted, solar cells a-Si: H were grown on a Corning 7059 glass
substrate coated with Indium Tin Oxide (ITO). The PECVD engineering system used consists
of a multi chamber with two deposition chambers, each of which is used specifically to
deposit the intrinsic layer and the extrinsic layer as shown in Figure 1.The filament tension
used is still off (0 volts) to ensure that the resulting layer is still amorphous in
structure(Cahyono et al., 2018). In this condition, the filament temperature is only
determined by the radiation heater temperature (substrate temperature). Silane gas (SiH4)
with a concentration of 10% in hydrogen (H2) is used as the source gas(Prayogi et al.,
2017). As dopant gas, B2H6 gas with 10% concentration in H2 for dopant p-type layers was
used and PH3 gas with 10% concentration in H2 for n-type layer dopants(Prayogi et al.,
2019). The growth parameters used are as shown in Table-1 and Table 2.
[Fig. 1 about here.]
[Table. 1 about here.]
[Table. 2 about here.]
The optimization of the thickness of the active layer is carried out based on the
recommendations of the simulation results regarding the thickness range that can produce
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solar cells with good characteristics. Therefore, the thickness of the i-layer was varied
between 4400-6000 Å, while the thickness of the p-layer and the n-layer was maintained at
150 Å and 300 Å, respectively(Franta et al., 2013). In this research, a-Si: H solar cell is
fabricated by joining the p-i-n and p-i1-i2-n structures schematically as shown in Figure 2.
[Fig. 2 about here.]
Ellipsometric spectroscopy (ES) was used in this research to obtain the transmittance data
and mechanisms which broaden or shift the exciton resonance such as impurities, doping,
strain, and phonon interactions, in turn, broaden and shift the absorption band edge and
influence the optical constants near the band gap(Yousif et al., 2019). All measurements
were done at 70° incidence with a spot size of approximately 2 mm . Measurements with
UVISEL were done over the range 0.6 eV to 6.5 eV (~ 2060 - 190 nm). In this paper, the
results of transmission measurements which are used to determine the absolute value of the
absorption coefficient will be reported. Powerful DeltaPsi2 software from research to
routine. The DeltaPsi2 software platform provides complete functionality for
measurements, modeling, and reporting in addition to automatic operations, which
facilitate routine thin film analysis(Oates et al., 2011). The multitasking software provides
the ultimate in versatility for use in ex-situ and in-situ configurations as well as the ability to
drive the large range of accessories available(Dahal et al., 2014). The DeltaPsi2’s intuitive
operation meets the requirements of both experienced SE scientists and newcomers to the
technique.
To determine the performance of the resulting solar cells, the current-voltage (I-V)
characteristics of the solar cells are measured under irradiation with a fixed intensity. In
this study, I-V characteristics were measured using a Keithley 617. As a light source,
halogen lamps were used at an intensity of 34 mW/cm2. From the measurement of the I-V
characteristics, the parameters of solar cells include open-circuit voltage (VOC), shortcircuit current (ISC), maximum operating point for determining the fill factor (FF), and
conversion efficiency (η)(Seba et al., 2020). At the maximum operating point, the maximum
voltage (Vm) and maximum current (Im) are known(Kumar Saha et al., 2010). Conversion
efficiency is the ratio between the output power of the solar cell (Pout) to the power
supplied (Pin), determined by relationship:
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3. Results
The ψ and 𝚫 experiments for p-i-n, p-i1-i2-n and Indium Tin Oxide (ITO) substrates are shown in Fig. 3
together with the ttings of the analysis. To support the optical and electronic analysis of the respective
material in the graph plot the real part < ε1 > and < ε2 > imaginary part of the complex dielectric function is
derived using spectroscopic ellipsometric data for three pin samples, p-i1-i2-n and Indium Tin Oxide (ITO)
substrate. Measured at room temperature in the optical energy range 0.6–6.6 eV.
[Fig. 3 about here.]
The results of measurements and ttings of p-i-n, p-i1-i2-n and ITO substrates obtained information and
parameters from the optical properties of the material, including refractive index, dielectric constant,
absorption coe cient, and thickness. Furthermore, from the optical constant and thin lm thickness, the
re ectance and transmittance of each sample were obtained. In the p-i-n sample, p-i1-i2-n shows good
transparency in the infrared region and this transparency decreases in the visible region. The spectrum
shows an interference pattern with a sharp decrease in transmission at the absorption edge.
[Fig. 4 about here.]
The result of Fig. 4 dielectric function (ε) describes the optical and electrical properties of the material
over the measurement energy range. The dielectric function consists of two components, namely real (ε1)
and imaginary (ε2). The real component ε1 represents the polarization of the material due to the electric
dipole which contributes to the atomic and electric polarization, while the imaginary component ε2
represents the amount of light absorption in the material(Kanneboina et al., 2018). The real component
ε1 shows the value of E0 in the p-i-n sample of 2.86 eV and the sample p-i1-i2-n of 2.66 eV. Where there is
a change in the E0 energy in the p-i1-i2-n sample which changes the energy to a smaller one compared to
the pin sample with a large change of 0.20 eV, this proves that at that energy the p-i1-i2-n sample can
absorb more energy. larger than the sample pin and ultimately can improve the performance of these
solar cells. Whereas in the imaginary component ε2, the value of E1 in the p-i-n sample and the p-i1-i2-n
sample does not change.
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The value of the complex refractive index (n and k) obtained by measuring ellipsometric spectroscopy
describes the value of n which represents the refractive index of the material and the value of k which
represents the extinction coe cient of absorption of material and energy lost due to the scattering
process(Chakraborty et al., 2014). Figure 5 shows the optical properties of the p-i-n sample layer and the
p-i1-i2-n sample layer for measurement at the same temperature over the ITO substrate. In the p-i1-i2-n
sample, the a-Si: H lm quality was obtained which was quite good in terms of the lowest n value
compared to the p-i-n sample. At energy < 3.0 eV in n samples p-i1-i2-n there is a decrease compared to pin
samples, this illustrates that the maximum absorption rate obtained is greater for samples p-i1-i2-n than
for pin samples even though for each sample it is measured at the same substrate temperature. During
deposition the substrate temperature greatly affects the diffusion process of the pinned target atoms
deposited on the substrate. In this case because the substrate temperature will cause the atoms of the
substrate surface to vibrate and as a consequence the distance between the planes stretches, thus
facilitating the process of insertion (interstition)(Boosalis et al., 2011). Furthermore, seen from the k value
in the p-i1-i2-n sample, it is found that > 3.0 eV is a greater value than in the p-i-n sample, this indicates
that the results of the p-i1-i2-n sample are denser than the p-i-n sample. However, at energy < 1.8 eV, a thin,
more transparent layer is produced, as evidenced by the negative value of k, this is likely to occur
saturation of the insertion process of the twisted atoms and consequently a layer that is not
dense/porous(Kim et al., 2012).
[Fig. 5 about here.]

4. Discussion
The characterization of the pin sample solar cells and the p-i1-i2-n sample were measured using Keithley

617. Figure 6 shows the results of the measurement results of the I-V characteristics of solar cells a-Si: H
produced in the pin sample and p-i1-i2-n sample with an increase in e ciency of 58.6%. Overall, the a-Si:
H solar cells produced still have a low ll factor value, indicated by the low maximum output power. One
of the factors that caused the low ll factor value of the solar cell samples p-i-n and the resulting p-i1-i2-n
samples was the imperfect joint formation mechanism that created defect conditions in the interface
area. It is known that the p-i-n sample solar cell produced has four junction regions, and the p-i1-i2-n
sample solar cell produced has ve junction regions. Each of these is a connection between the ITO-layer
and the p-layer, between the p-layer and the i1-layer, between the i-layer and the i2-layer, between the i2layer and the n-layer, and between the n-layer and metal contacts. If the connection between these layers
is not formed properly it will create defect conditions in the joint area. The defects formed in each
junction will also make a major contribution to the increase in the value of the series resistance of the
solar cell samples p-i-n and samples p-i1-i2-n. If this happens, the current generated by the irradiation
effect (photo current) will decrease rapidly with increasing bias voltage(Kunc et al., 2019). Even so, all of
the p-i-n sample solar cells and the p-i1-i2-n samples produced had a fairly good internal charging of the
electric eld, indicated by a fairly high VOC value(Filali et al., 2016).
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[Fig. 6 about here.]
As explained above, the solar cell device layer of the pin sample and sample p-i1-i2-n plays the most
important role in the utilization of photon energy to excite its charge carrier from the valence band to the
conduction band and the electric eld strength formed between the p-layer. and layer-n. More photons will
be absorbed if the active layer is thicker so that the charge carrier generation rate increases(Funke et al.,
2017). However, the thicker i-layer also contributes to the increase in series resistance (Rs) due to the
localized conditions which will also increase. On the other hand, an i-layer that is too thin will cause a
weakening of the electric eld formed between the p-layer and the n-layer(Laatar et al., 2017). Apart from
series resistance, another factor that in uences the characteristics of the solar cell samples p-i-n and
samples p-i1-i2-n is the shear resistance value (Rsh). This resistance is related to the process of charge
carrier recombination from the conduction band to the valence band. In the p-i-n sample solar cell and pi1-i2-n sample, recombination between the bands is not expected because it will decrease the electron ow
(current ow) from the n-layer to the p-layer(Schamm-Chardon et al., 2011). However, this phenomenon
cannot be avoided in the pin sample solar cells and the p-i1-i2-n sample because the a-Si: H material has
localized states in the energy bandgap region where this will increase the likelihood of recombination.
between the ribbons. Therefore, the ideal solar cell has a very large Rsh value and a very small Rs value.

5. Conclusion
Based on the results obtained in this study, it was reported that the characteristics of solar cells based on
hydrogenated amorphous silicon (a-Si: H) with the addition of an active layer (i-layer) using ellipsometry
spectroscopy obtained a fairly good increase in conversion e ciency (58.6%). The conversion e ciency
of solar cells produced by the addition of the active layer (i-layer) is still possible to improve, among
others, such as insertion of a buffer layer in the areas between layers, the use of p-layer with doping-delta
(δ-doped) which is proven to be able to improve the performance of a-Si: H solar cells with a uniform
doping p-layer, the use of a-SiC: H material in the p-layer which is known to be more transparent than a-Si:
H, or the use of a tandem structure (a-Si: H based pin solar cell for upper cells connected with p-i-n solar
cells based on µc-Si: H for bottom cells).
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Tables
Table 1. Deposition parameters for layers p-i-n used in solar cells a-Si: H

Deposition parameters
Gas flow ratio (sccm)
Thicknesses (nm)
Band Gap (eV)

p-i-n
p
i
n
(B2H6) (H2/SiH4) (PH4)
2
16
5
15
600
25
2.0
1.68
2.2

Table 2. Deposition parameters for layers p-i1-i2-n used in solar cells a-Si: H

Deposition parameters
Gas flow ratio (sccm)
Thicknesses (nm)
Band Gap (eV)

p-i1-i2-n
p
i1
i2
n
(B2H6) (H2/SiH4) (H2/SiH4) (PH4)
2
0
36
5
15
300
300
25
2.0
1.90
1.46
2.2

Figures
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Figure 1
Sample preparation scheme a-Si:H solar cells. (a) PECVD system with multiple chambers. (b) Samples
the amorphous panels (10x10) cm2 are integrated with conductive lms.

Figure 2
Schematic of the con guration of a solar cell, showing the textured ITO substrate. (a) p-i-n (b) p-i1-i2-n.

Page 11/13

Figure 3
Experimental (solid curves) and tted (dotted curves) data of Ψ and 𝚫 for ITO (a), (b), p-i-n, and p-i1-i2-n
(c) obtained at 70o
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Figure 4
(a) <ε1> of the dielectric function, and (b) imaginary part <ε2> of the dielectric function for ITO, p-i-n and
p-i1-i2-n.

Figure 5
Refractive index (a) <n> and (b) <k> for ITO, p-i-n and p-i1-i2-n.

Figure 6
Solar cell e ciency with p-i-n and p-i1-i2-n layers a-Si: H.
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